γ-secretase is involved in the final processing of the amyloid precursor protein into a heterogeneous pool of β-amyloid (Aβ) peptides. Current Alzheimer's disease drug discovery efforts include targeting γ-secretase activity in brain to attenuate production of the neurotoxic Aβ species. The resulting pharmacology may be affected by species-specific differences in the γ-secretase core complex or its associated proteins. Therefore, we utilized partially purified γ-secretase membranes derived from the brains of different species, including human cortex, to quantitatively assess the de novo production of both Aβ42 and Aβ40 following treatment with known γ-secretase inhibitors and modulators. We determined that the inhibitory activity of a Notch-1 sparing γ-secretase inhibitor and the modulatory activity of two classes of γ-secretase modulators were equipotent at affecting the production of Aβ across rodent and human brain membrane preparations. Additionally, the observed modulator-specific Aβ profile in isolated brain membranes across species was similar to that observed in HeLa cell membranes, and the brain and CSF of guinea pigs following oral administration. By utilizing rapidly purified γ-secretase, we were able to probe and compare the complex pharmacology of γ-secretase in the brain across common rodent species and human cortex.
Introduction
According to the amyloid cascade hypothesis of Alzheimer's disease (AD) pathogenesis, deposition of Aβ peptides in brain regions critical for learning and memory is causative to disease progression [1, 2] . The nearly concurrent clinical and neuropathological presentation between patients with familial forms of AD and those with the more common and sporadic late onset forms of the disease have led to the understanding that relatively small changes in the ratio of the Aβ peptides (primarily Aβ42 and Aβ40) in brain parenchyma lead to deposition of these peptides into pathological lesions [2] . The sequential cleavage of the amyloid precursor protein (APP) that liberates neurotoxic Aβ peptides is a complex process. APP undergoes regulated intra-membrane proteolysis (RIP) initiated by the β-site APP cleavage enzyme (BACE), leaving a C-terminal membrane bound stub that undergoes further proteolysis by γ-secretase [3] . These cleavage events generate of a pool of Aβ peptides of various lengths, the predominant species of which is Aβ40. Although Aβ42 represents only a minor (~5%) proportion of the Aβ peptides generated via this "amyloidogenic pathway", the hydrophobic nature of this particular peptide is such that even small increases in relative amounts can drive fibrillization and deposition in brain parenchyma [4, 5] . Thus, the reduction of Aβ in the brain by either direct inhibition or modulation of the γ-secretase enzyme is an attractive therapeutic target and is actively being pursued as a potential strategy to delay or prevent AD.
The γ-secretase enzyme is a complex consisting of four core proteins: presenilin (PS), nicastrin (NIC), anterior pharynx defective-1 (Aph-1), and presenilin enhancer-2 (PEN-2), of which PS and Aph-1 exist in several isoforms [6] [7] [8] . Additionally, several different glycosylation states of NIC have been reported to exist [9, 10] . When incorporated into liposomes, catalytically activated PS1 alone contains the intrinsic activity required to cleave an exogenous C-terminal fragment of APP [11] . However, the additional members of the γ-secretase en-zyme complex contribute to maximal enzyme activity by assisting with complex maturation and stability as it assembles and traffics through the endoplasmic reticulum [12] [13] [14] . More recently, several accessory proteins that are not essential for γ-secretase catalytic activity but instead influence the overall activity profile of the γ-secretase complex have been identified, suggesting yet another level of heterogeneity and complexity perhaps associated with cell and region-dependent γ-secretase activity [15] [16] [17] .
Two different classes of pharmacological agents, γ-secretase inhibitors (GSIs) and γ-secretase modulators (GSMs), affect γ-secretase activity in mechanistically distinct ways [18, 19] . GSIs inhibit the production of all forms of the Aβ peptides with roughly equivalent potencies, although in vivo and at low doses some GSIs have been reported to increase the Aβ42:Aβ40 ratio subtly through a poorly understood mechanism [20, 21] . GSIs are thought to bind directly to PS either at the active site or at an allosteric site leading to the inhibition of γ-secretase. Regardless of the exact mechanism of action, the GSI class of compounds are burdened with the liability of inhibiting the processing of additional substrates, including but not limited to Notch-1 [22] . Moreover, the mechanism related to non-selective "pan-γ-secretase" inhibition is widely thought to have contributed to the adverse events associated with a recently halted clinical trial in mild to moderate AD patients [23] . Newer classes of GSIs that have greater in vitro potency for lowering Aβ peptides with limited activity towards Notch-1 have been developed. These "Notch-1" sparing inhibitors, however, still appear to inhibit other γ-secretase substrates as documented by the appearance of skin tumors and B-cell depletion [20, 24, 25] . GSI-1 (sulfonamide) [26, 27] is one of these Notch-1-sparing compounds currently under investigation in the clinic. In contrast, GSMs have been identified that selectively modulate γ-secretase processing of APP to effectively inhibit the production of Aβ42 without affecting the overall production of Aβtotal [28] . These GSMs appear to be devoid of activity against other γ-secretase substrates thereby selectively reducing pathological Aβ peptides only [29, 30] . Neither the mechanism of action nor the target binding site(s) of GSMs are fully understood at this time. Two distinct series of GSMs, represented by GSM-1 (NSAID-derived carboxylic acid) and GSM-2 (aryl imidazole), have been widely described [31] . The degree of selectivity between Aβ42 and Aβ40 inhibition, as well as the effects on the production of other shorter Aβ peptides (such as Aβ38), varies between these series. In vitro, these GSM compounds are capable of lowering Aβ42 while having little or no effect on the cleavage of Notch-1. Therefore, GSMs are assumed to have a more tolerable safety profile than GSIs.
Given the probability for tissue-and species-specific molecular subunit heterogeneity, substrate promiscuity, as well as the presence of accessory proteins to potentially influence the pharmacological profile of γ-secretase, we developed a method to rapidly isolate partially purified γ-secretase activity derived from brain tissue from a variety of rodent species commonly used in pre-clinical drug discovery studies. We then applied this same methodology to isolate partially purified γ-secretase activity from non-Alzheimer's diseased human brain cortex as well as from immortalized HeLa cells. Remarkably, the γ-secretase activity and the pharmacological profile of de novo Aβ42 and Aβ40 production following the addition of an exogenous C-terminal fragment of APP (C100-F) and either GSI-1, GSM-1 or GSM-2 was nearly identical across isolated brain tissue from rodent species or human frontal cortex. Additionally, the pharmacological profile for inhibiting or modulating the de novo production of Aβ following the addition these compounds to HeLa membranes prepared in an identical fashion was virtually indistinguishable from that obtained when the same assay was conducted using γ-secretase derived from brain membranes. As expected, GSI-1 very potently inhibited the de novo production of Aβ42 and Aβ40 across all of the membrane sources that we utilized, including human brain tissue, while the GSMs preferentially inhibited the de novo production of Aβ42. An increased selectivity for Aβ42 inhibition over Aβ40 with GSM-1, and the diminished selectivity observed ex vivo with GSM-2, translated in vivo where we observed a similar but less robust trend following oral administration to guinea pigs. True to their GSM nomenclature, both compounds produce robust Aβ42 selectivity over Aβtotal in vivo.
The use of partially purified γ-secretase activity isolated from brain (and potentially other tissue sources) will enable further characterization of cell, region, and disease-dependent requirements of this multipart atypical aspartyl protease enzyme complex. Our results also enable the refinement of drug discovery testing flow schemes to include assessment of Aβ-lowering efficacy in a more relevant and native tissue source, the human brain.
Membrane Isolation
Membranes containing γ-secretase were prepared from frozen whole brain minus cerebellum (20 -25 g total) from 9 week old male Sprague Dawley rats (Pel Freeze Biologicals, Rogers, AR), 5 week old male Hartley guinea pigs (Lampire Biological Laboratories, Pipersville, PA), 5 month old male 129/SvE mice (Charles River Laboratories, Wilmington, MA), frontal cortex from a human brain donor that did not have Alzheimer's disease (46 year-old female, 4 h post-mortem tissue collection; Analytical Biological Services Inc., Wilmington, DE), or frozen HeLa cell pellet (25 g ). Briefly, brain tissue was crudely homogenized using a polytron in 5 ml/g buffer A (50 mM MES (2-(N-morpholino)ethanesulfonic acid, pH 6), 150 mM KCl, 5 mM CaCl 2 , 5 mM MgCl 2 , and 1x Complete Protease Inhibitor Cocktail Tablets without EDTA (ethylenediaminetetraacetic acid) (Roche, Switzerland)). Following centrifugation (800 × g, 10 min, 4˚C), the supernatant (S1) was transferred to a fresh tube and centrifuged again (100,000 × g, 1 h, 4˚C). The resulting pellet (P2) was resuspended in buffer A by dounce homogenization, using a tight-fitting pestle, to a final concentration of approximately 2.5 mg/ml total protein (w/v). HeLa cell membrane fractions were prepared in the same manner, except cells were initially broken by microfluidising (2 × 10,000 psi, M-110L Microfluidizer; Microfluidics Corp.).
Presenilin1 Quantification
PS1-NTF was quantified in serial human frontal cortex and HeLa membrane fractions following the manufacturer suggested protocol (DY-149; R & D Systems, Inc., Minneapolis, MN). Briefly, membrane fractions were subjected to sandwich ELISA using two different antihuman PS1-NTF antibodies with colorimetric horseradish-peroxidase readout.
Analysis of γ-Secretase Core Components
Proteins from P2 membrane fractions across all sources were size fractionated on a NuPage 4% -12% Bis-Tris gel with MES SDS (sodium dodecyl sulfate) running buffer (Invitrogen) via gel electrophoresis. The proteins were then transferred onto PVDF (polyvinylidene fluoride) or nitrocellulose and hybridized with antibodies directed against PS1-CTF (PRB-354P, Covance), PS1-NTF (a gift from Dr. Yue-Ming Li, MSKCC, New York), PS2-CTF (NB110-57435, Novus Biologicals, Littleton, CO), NIC (N1660, Sigma-Aldrich), PEN-2 (3981, ProSci Inc., Poway, CA), Aph-1A (PRB-551P, Covance), Aph-1B (ab24614, Abcam, Cambridge, UK) or actin (MAB-1501, Millipore, Billerica, MA). Following hybridization, the blots were washed and incubated with the appropriate tertiary IRDye 800CW antibody (Li-Cor, Lincoln, NE) prior to visualization (Odyssey, Li-Cor).
γ-Secretase Activity Assay
γ-Secretase activity was assessed by incubating P2 membrane (300 μg/ml rat, guinea pig, mouse or HeLa P2 membranes (225 μg/ml human membranes)) at 37˚C for 75 min with 0.3 μM APP C100-F substrate in the presence of 10 mM Pipes (pH 7), 1 mM MgCl 2 , 1 mM CaCl 2 , 30 mM KCl, and 0.25% CHAPSO (vol/vol), followed by measurement of de novo produced Aβ42 and Aβ40 (see below for protocol). As needed, compound in a final concentration of 1% DMSO (vol/vol) was included. The reaction was stopped following the addition of RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 4 mM Tris-HCl, pH 8.0, vol/vol). Samples were then diluted 10-fold in 5M Guanidine HCl and 50 mM Tris-HCl (pH 8), and incubated for an additional 30 min at 50˚C. Each reaction was subjected to solid phase extraction using an Oasis 60 μm HLB plate (60 mg; Waters Corp, Milford, MA), eluted in 2% NH 4 OH and 90% MeOH (vol/vol), and evaporated to dryness.
In Vivo Assessment of γ-Secretase Modulators
All animal treatment protocols were approved by Pfizer's Institutional Animal Care and Use Committee and were compliant with Animal Welfare Act regulations. 2 -3 week old male Hartley guinea pigs (180 -210 g; Charles River Laboratories, Inc.) were dosed orally with GSM-1 (32 mg/kg), GSM-2 (30 mg/kg), or vehicle (n = 5 per group). Six hours following compound administration, CSF and hemibrains were collected following CO 2 euthanasia and quickly frozen on dry ice. Briefly, hemibrains were homogenized in 0.4% DEA (diethylamine) (vol/vol) and 50 mM NaCl, incubated overnight at 4˚C, and centrifuged (135,000 × g, 1 h), prior to Aβ extraction from the supernatant (Oasis 60 μm HLB plate, 60 mg; Waters Corp), as above. CSF was collected via cisterna magna puncture and assayed directly for Aβ.
Measurement of Aβ Peptides
Aβ peptides were measured by ELISA-time resolved fluorescence. Briefly, following extraction each pellet was reconstituted in blocking solution (phosphate buffered saline + 0.05% tween 20 (vol/vol) + 1% bovine serum albumin (wt/vol)) at half the initial reaction volume.
De novo Aβ40 and Aβ42 were captured using the cleavage specific antibodies RN1219 and 10G3 (Rinat, Pfizer Inc., San Francisco, CA), respectively, with 4G8-biotin (Covance, Princeton, NJ) and Streptavidin-Europium (SAEu; PerkinElmer, Waltham, MA) to report. Aβtotal (1-x), Aβ1-38, Aβx-40, and Aβx-42 extracted from guinea pig brain or CSF were detected using the following sandwich ELISA pairs, respectively: 6E10(Covance)/4G8-biotin, 6E10/R341-biotin [37] , 1219/4G8-biotin, and 10G3/4G8-biotin, with SA-Eu reporter. Following a 20 min addition of Delfia enhancement solution (PerkinElmer) to the samples, plates were read by EnVision (PerkinElmer) using standard Delfia filters and mirror. The amount of Aβ in each unknown was determined by back calculation from Aβ40 and Aβ42 (American Peptide, Sunnyvale, CA) standard curves. IC 50 values were generated using a nonlinear regression model for curve fitting (Y = Bottom + (Top -Bottom)/(1 + 10^((LogIC50-X) × HillSlope))) and significant differences between groups were detected by one-way ANOVA followed by Dunnett's post hoc (GraphPad Software Inc., San Diego, CA).
Data Analysis
Data are presented as mean ± SEM of individual experiments, where each condition was performed in triplicate. Serial membrane fraction data has been normalized to the P2 fraction and represents the mean of 2 HeLa or 4 human membrane experiments. Experiments in which P2 membrane concentration, C100-flag substrate concentration, reaction time, and drug concentration were varied stem from 2 -4 individual experiments, depending upon the membrane source and endpoint measured. In vivo guinea pig data represent 5 animals in each treatment group and are expressed as a percentage of their own vehicle group. Statistical significance was determined using one way ANOVA with Dunnett's post hoc.
Results

Isolation of an Active γ-Secretase Complex
The level of subcellular fractionation required to obtain an active γ-secretase complex was assessed by measuring de novo Aβ42 and Aβ40 production following a multistep centrifugation protocol. Exogenous APP C100-F substrate was included to enable Aβ detection as there was no detectable endogenous Aβ or endogenous APPderived Aβ in the membranes. Crude homogenate as well as the S1 supernatant and P2 membranes were prepared from both immortalized HeLa cells and human brain frontal cortex. As has been previously reported [35, 38] , the optimal γ-secretase activity in the HeLa cell extract was obtained in the P2 membrane fraction, while little to no activity was observed in the prior fractions ( Figure  1(a) ). In contrast, we were able to measure de novo production of Aβ peptides from crude human brain homogenate with activity levels similar or higher than that measured in the corresponding P2 fraction (Figure 1(b) ). Similar activity in crude mouse brain homogenate was observed as well (data not shown). The levels of PS1-NTF in each of the subcellular fractions isolated from HeLa cells and human brain was assessed as a surrogate of active γ-secretase complex levels, however, we did not observe a direct correlation between normalized PS1-NTF levels and Aβ production (Figures 1(a) and (b) ). We then isolated partially purified γ-secretase activity in the form of P2 membrane fractions from guinea pig, rat, and mouse brain tissue. We were able to demonstrate the presence of each of the γ-secretase core components, PS1-CTF, PS1-NTF, PS2-CTF, NIC, PEN-2, Aph-1A, and Aph-1B in the brain membranes from each species as well as from membranes prepared from HeLa cells (Figure 2) . The presence of distinct PS (PS1 and PS2) and Aph-1 protein (Aph-1A and Aph-1B) isoforms in membranes prepared from immortalized HeLa cells supports the notion that the γ-secretase enzyme may be composed of heterogeneous subunits even when isolated from a relatively homogenous cellular environment. The presence of a heterogeneous γ-secretase pool within brain tissue appears even more plausible since we observed differences in the migration pattern of both PEN-2 and Aph-1 across the various species that we studied. This latter observation may be attributed to differences in protein-protein interaction which resist the electrophoresis denaturing conditions and/or post-translational modifications to these core components.
Optimization of Assay Conditions
We next examined the effect of increasing concentrations of P2 membranes on γ-secretase activity (Figure 3(a) ) and observed a consistent and concentration-dependent increase in the level of γ-secretase activity as measured by the de novo production of Aβ42 and Aβ40 regardless of species. Similarly, we also observed an increase in γ-secretase activity with increasing concentrations of HeLa cell P2 membranes as the source of γ-secretase activity. All subsequent studies that probed the pharmacological profile of γ-secretase activity using guinea pig, rat, and mouse were conducted with 300 μg/ml of total P2 membrane protein. Studies utilizing human brain membranes were conducted using 225 μg/ml total protein to conserve this resource. We also examined the effect of varying the concentration of exogenous APP C100-F substrate and reaction incubation time on de novo Aβ42 and Aβ40 production (Figures 3(b) and (c) ). We found Aβ production to be linear with increasing substrate concentrations up to 0.3 μM and reaction times up to 2 h at 37˚C. Additionally, the amount of Aβ production measured from an exogenous substrate was consistent across the species suggesting the use of an equivalent amount of γ-secretase activity in our assays. We chose a reaction time point of 75 min and a final APP C100-F concentration of 0.3 μM for all subsequent experiments where we probed the pharma ological profile of the GSI and GSMs. 
Pharmacological Evaluation of γ-Secretase Inhibition and γ-Secretase Modulation
To assess the pharmacological profile of γ-secretase activity in brain tissue derived from multiple species, we measured the de novo production of both Aβ42 and Aβ40 in our optimized membrane assay, with and without the addition of γ-secretase interacting compounds. We chose to investigate compounds that had been previously reported to inhibit (GSM-1) or modulate (GSM-1 or GSM-2) γ-secretase activity via differing mechanisms. Preincubation of γ-secretase membranes with these GSMs prior to APP C100-F substrate addition produced no significant change to de novo Aβ production, suggesting the GSM binding kinetics are not rate-limiting (data not shown). Interestingly, GSI-1 inhibited equally the de novo production of Aβ42 and Aβ40 (IC 50 ~ 0.3 -0.9 nM) regardless of the species source of γ-secretase activity (Figure 4, Table 1) . Additionally, the de novo production of Aβ42 or Aβ40 was inhibited to a similar level when γ-secretase activity was derived from HeLa membranes. The inhibitory potency in our γ-secretase membrane assay was in good agreement with the whole cell lowering activity that has been previously reported for this compound [26] .
Following the addition of GSM-1 or GSM-2 to partially purified γ-secretase derived from various membrane sources, we observed consistent yet differential effects on the ability of these two compounds to inhibit the de novo synthesis of Aβ42 or Aβ40 (Figure 4) . Importantly, the pharmacological profile that we observed when utilizing γ-secretase derived from human brain was nearly identical to that which we observed when utilizing γ-secretase activity derived from rodent brain or HeLa cells. The ability of GSM-1 to selectively inhibit the de novo production of Aβ42 (IC 50 205 -431 nM) was approximately 200-fold greater than the effect measured on Aβ40 (IC 50 55 -84 μM), regardless of the source of γ-secretase enzyme ( Table 1) . Although GSM-2 was very potent at inhibiting the de novo synthesis of Aβ42 (IC 50 8 -33 nM), the potency at blocking the de novo production of Aβ40 was also retained (IC 50 82 -653 nM). The selectivity profile of GSMs that we observed when using γ-secretase derived from HeLa cells was very similar to that which we observed when assessing γ-secretase activity derived from brain.
In Vivo Modulation of γ-Secretase
To compare our brain membrane results with in vivo efficacy, we administered GSM-1 and GSM-2 to guinea pigs and measured Aβ levels in CSF as well as crude brain homogenates (Figure 5) . Following a single oral dose of GSM-1 (32 mg/kg), we observed a significant decrease in the levels of Aβ42 in brain (56% decrease) as well as CSF (67% decrease). The levels of Aβ40 as well as Aβtotal (1-x) remained unchanged in both brain and CSF. Similar to previous reports, we also observed a significant increase (>100%) in Aβ1-38 levels in brain and CSF [39, 40] . A single acute administration of GSM-2 (30 mg/kg) to guinea pigs also resulted in a significant decrease Aβ42 and Aβ40 (~80% decrease) in both brain homogenates as well as CSF while the levels of Aβtotal were slightly lower or unchanged. We measured a significant increase (>200%) in Aβ1-38 in brain and CSF [29, 41] .
Discussion
An in vitro assay to measure γ-secretase activity by measuring the de novo production of Aβ40 has been described previously [35, 36] using γ-secretase enriched membranes derived from HeLa cells following the addition of a C-terminal fragment of APP as an exogenous source of substrate. Although several investigators have reported the use of γ-secretase derived from rodent or human brain [38, [42] [43] [44] , to our knowledge there are no reports that compare the pharmacological activity of γ-secretase inhibitors and modulators in brain membranes that are prepared from multiple species, including human brain tissue, nor do these reports measure Aβ42 generation. Here we describe a rapid and facile protocol for the partial purification of a γ-secretase complex from brain tissue that retains enzymatic cleavage activity towards an exogenous APP substrate. By quantitatively measuring the de novo production of Aβ42 and Aβ40 we were able to investigate the ex vivo pharmacological profile of brain γ-secretase activity following the inhibition or modulation of this enzyme complex. Furthermore, the use of a partially purified enzyme complex enables the direct comparison of γ-secretase activity across multiple species, including humans, which may not otherwise be possible since pharmacokinetic properties of diverse compounds may limit exposure at the relevant target site. The assessment of de novo production of Aβ42 from γ-secretase containing membranes has proven challenging due to the low levels of Aβ42 generated and, therefore, many reports have focused solely on measuring the de novo synthesis of Aβ40. The few reports that have measured the de novo production of Aβ42 have relied on gel electrophoresis and subsequent western blot analysis to detect and quantify various peptides. Since the deposition of Aβ42 in brain regions critical for learning and memory is thought to be correlative to the progression of AD, we modified our original assay parameters to enable the detection of Aβ42. By incorporating guanidine salt denaturation, solid-phase extraction, and a highly sensitive and selective Aβ42 capture antibody we were able to follow the de novo synthesis of Aβ42, even after the addition of a very potent GSI when Aβ42 levels were significantly reduced (Figures 4 and 5) .
We prepared serial subcellular fractionations from HeLa cells and human brain cortex for assessment of γ-secretase activity as measured by de novo Aβ42 and Aβ40 production. Since HeLa cell membranes have historically served as the enzyme source in publications that utilize partially purified γ-secretase, we wanted to understand how γ-secretase activity that was measured from brain subcellular fractions compared to that measured in HeLa membranes. Interestingly, we found significant differences in the de novo production of Aβ when assessed in the crude homogenate from these two membrane sources. Our findings confirm the need to isolate the P2 fraction in HeLa cells in order to obtain γ-secretase activity; however, we found that de novo production of Aβ could be measured from crude human brain homogenates at levels that were equivalent to that measured from the P2 fraction (Figure 1) . We also measured a significant level of de novo Aβ production in crude homogenates from mouse brain (data not shown). Although we could detect PS1-NTF in all of the fractions that we isolated, the relative level of PS1-NTF did not correlate with the level of γ-secretase activity as measured by de novo Aβ production in either the HeLa cell or human brain fractions. As expected, while PS is necessary for γ-secretase activity, the level of PS1-NTF was not a good predictor of activity since PS must first undergo endoproteolysis for the γ-secretase complex to become enzymatically active [45] .
The four core γ-secretase complex proteins, PS, NIC, Aph-1, and PEN-2 were identified in the P2 membrane preparations from rodent brains, human brain, and HeLa cells (Figure 2) . The presence of different Aph-1 isoforms as well as protein from both PS family members (PS1 and PS2) was not surprising due to the cellular heterogeneity of the brain tissue that we utilized. The presence of both Aph-1 isoforms and PS proteins in the HeLa cell membrane preparations indicates the heterogeneous nature of the γ-secretase complex even within this rather uniform cell line. Our experiments were not able to clarify the exact composition of the γ-secretase complex that was responsible for the activity that we measured in any of the membrane preparations that we utilized. However, given the ubiquitous and promiscuous nature of γ-secretase activity it is highly likely that even within a single cell type, the γ-secretase complex is composed of multiple protein isoforms. While we observed some differences in the relative levels of each of the γ-secretase core protein components as well as potential post-translational effects, these differences did not appear to impact either γ-secretase activity or the pharmacological profile.
The native brain membrane assay for the assessment of γ-secretase activity that we describe here is dependent upon the concentration of membrane and substrate, as well as the length of time the reaction is allowed to incubate (Figure 3) . The absence of C100-F substrate in the reaction resulted in background levels of Aβ detection suggesting there is no endogenous membrane Aβ or Aβ generated from endogenous APP contributing to the overall Aβ signal. The reaction components were optimized to ensure that a maximal level of de novo Aβ42 synthesis could be measured even under conditions where pharmacological inhibition was observed ( Figure  4) . The amount of de novo Aβ42 and Aβ40 that we measured was nearly identical regardless of the membrane source of γ-secretase activity confirming that we had utilized a similar level of active γ-secretase enzyme complex for studies where we probed the pharmacological effects of inhibiting or modulating the enzyme complex. When tested at high concentrations in our assay, both the GSI and GSMs that we investigated resulted in levels of Aβ that were at background level, thus excluding the possibility that a PS-independent or non-specific cleavage artifact had contributed to the overall de novo synthesis of Aβ42 or Aβ40.
As expected, the GSI that we tested in our membrane assay was able to very potently inhibit the de novo synthesis of both Aβ42 and Aβ40 regardless of the species source of γ-secretase activity. The whole cell potency of GSI-1 (IC 50 = 0.3 nM) was very congruent with the inhibitory activity that we measured when assessing the de novo production of these Aβ peptides from partially purified γ-secretase derived from brain membranes (IC 50 = 0.3 -0.9 nM). Aβ lowering effects in brain of treated dogs following administration of this same GSI have also been reported [26] . In contrast, GSM-1, a compound that has previously been reported to preferentially inhibit Aβ42 in cells, was very effective at preferentially inhibiting the de novo synthesis of Aβ42 in our native brain membrane assay. Following addition of GSM-1 to partially purified γ-secretase from rodent or human brain, we observed an approximate 200-fold inhibition in de novo Aβ42 synthesis when compared to Aβ40. GSM-2 also preferentially inhibited the de novo production of Aβ42 although to a more limited degree. The differential Aβ selectivity displayed by these two classes of GSMs may be explained by reports that GSM compounds have different γ-secretase binding sites and therefore may differentially alter the interaction between the γ-secretase active site and APP [46, 47] . Most interestingly, we observed very similar pharmacology for GSI-1, GSM-1, and GSM-2 in membranes prepared from common preclinical rodent species and membranes prepared from human cortical tissue.
Acute oral administration of GSM-1 or GSM-2 to guinea pigs resulted in a similar Aβ40 and Aβ42 modulation profile in brain and CSF. Following administration of GSM-1 to guinea pigs there was a 56% reduction in the levels of brain Aβ42 measured and an even greater reduction in the level of CSF Aβ42 (Figure 5) . The levels of Aβ40 or Aβtotal were unchanged and there was a significant elevation in Aβ38 in both brain and CSF. In contrast, acute oral administration of GSM-2 resulted in a significant decrease in both Aβ42 and Aβ40 in brain and CSF with little to no effect on total Aβtotal and an elevation in Aβ38 levels. Although we did not measure the de novo synthesis of Aβ38 or Aβtotal in our γ-secretase membrane assay, the overall pharmacological profile for modulating the de novo synthesis of Aβ42 or Aβ40 observed in vivo following oral administration of GSM-1 or GSM-2 to guinea pigs was very similar to that observed in our native brain membrane assay across multiple species. For example, the 180-fold selectivity for Aβ42 over Aβ40 inhibition in guinea pig brain membranes with GSM-1 is apparent as a significant preference for in vivo Aβ42 inhibition in both guinea pig brain and CSF. In contrast, the greatly reduced 28-fold Aβ42 to Aβ40 selectivity observed in guinea pig brain membranes with GSM-2 is apparently not a strong enough effect to observe in vivo. Additionally, the pharmacological profile for inhibiting or modulating de novo Aβ production following the addition of the GSI or GSMs to HeLa P2 membranes was virtually indistinguishable from that obtained using partially purified γ-secretase derived from rodent or human brain, thus confirming the use of this assay as a reasonable surrogate with which to probe various γ-secretase pharmacological profiles prior to in vivo testing.
The very similar γ-secretase activity and pharmacology that we observed across species with this set of compounds may be explained by the high degree of sequence homology amongst the core protein members of the γ-secretase complex. Emerging evidence suggests that additional γ-secretase accessory proteins may influence the cell, region, and perhaps even stimulus-dependent processing of APP resulting in the generation of pathological Aβ peptides [48, 49] . By isolating and characterizing γ-secretase activity from human brain we were able to probe the pharmacological profile of various compounds, thus confirming the potential to directly inhibit or selectively modulate the de novo production of pathologically relevant Aβ species. Our assay now also offers the potential of investigating γ-secretase activity in selective brain regions like the hippocampus or cerebellum, or, with slight substrate modifications, in brain tissue isolated from subjects with Alzheimer's disease. Moreover, the native brain membrane assay that we have described here should also help to inform differing mechanisms of γ-secretase pharmacology as more novel compounds with different modes of action are identified.
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